. The ablows some pathways and not others, it is necessary to sorption of one photon by the all-trans retinal chromoknow the energy barrier of the proton transfer paths. phore leads to rotation of the C13ϭC14 bond into the 13-Here, the different mechanisms of the primary proton cis conformation ( Figure 1B ). This triggers a photocycle transfer were exhaustively explored by computing minithrough a series of intermediates distinguished spectromum-energy paths for more than 40 transfer scenarios, scopically:
2003), making it difficult to decide which of the EC and CP conformers is the "initial" state of proton transfer. Therefore, we discriminate here between these two conResults formers based on energetic considerations. The energy difference between the EC and CP conformations is Initial State significant, CP being 5.9 kcal/mol lower. However, due First, we describe models for the "initial" and "final" to the nonequilibrium nature of the early bR photocycle, states, which we define as those states accumulating knowledge of the energy difference is not sufficient to immediately before and after the primary proton transpermit assignment of the CP state to the accumulating fer. For the initial state, two energy-optimized conforma-L 550 spectroscopic intermediate. Indeed, we cannot extions of 13-cis, 15-anti retinal were found to be stable.
clude that earlier steps of the photocycle might produce One of these has the Schiff base NH bond directed the EC conformer at first. However, we can examine toward the cytoplasmic side (called here the "CP state," whether this state would be more likely to convert to Figure 2A ), and the other toward the extracellular side the CP conformation or rather would prefer to initiate (called here the "EC state," Figure 2B ). In both, the retinal proton transfer. For this purpose, the minimum energy polyene chain is twisted (i.e., nonplanar), but much more pathway between the CP and EC conformations was so for the EC than for the CP state. This energetically calculated. The resulting rate-limiting barrier for the ECunfavorable twisting allows the positively charged Schiff to-CP transition is 2.4 kcal/mol. This small energy barrier base to make a hydrogen bond to Thr89 in the CP state means that EC can convert to CP on the subnanosecond and a salt bridge to Asp212 in the EC state. The geometry timescale. This is likely to occur, since the subsequent of the protein residues surrounding the retinal is closely step (i.e., proton transfer) is known to happen much similar in the CP and EC conformations. In particular, a hydrogen bond between Asp85 and Thr89 forms. This more slowly, on the microsecond time scale (Ludman , will site geometry (see Table 1 ). We find that P1 is 3.8 kcal/ mol higher than P2. Mechanisms that were considered be the object of a future study and is not included here. In total, more than 40 different pathways were deterfor the conversion of P1 to P2 are the rotation of the Asp85 side chain or the proton transfer from oxygen mined. The most relevant ones are summarized in Table  2 . It was found that the pathways and their energy barriatom O ␦1 to O ␦2 . Minimum energy paths were computed for both these possibilities. The proton transfer path ers depend little on which crystal structure is used for nonretinal atoms. This is due in part to the flexibility of was found to have a 31.5 kcal/mol activation barrier and is therefore highly unlikely. In contrast, the rotation the retinal environment, which adapts during geometry optimization to a given conformation and protonation mechanism has a barrier of only 4.4 kcal/mol, such that P1 can convert into P2 on the subnanosecond timestate of retinal. More unexpected was that no single mechanism of proton transfer has a significantly lower scale. The P1 state is 0.8 kcal/mol above, whereas P2 is 3 kcal/mol below the CP state. This is consistent with energy barrier than all the others. The three lowest energy pathways have rate-limiting energy barriers in the the experimental data showing that the product and reactant states should be approximately isoenergetic 11.5-13.6 kcal/mol range. The 2 kcal/mol difference between these barriers is within the estimated error of the (Ludman et al., 1998 The other pathway starting from the 13,14-dicis mechanisms seem possible for the primary proton transfer step. The events in these pathways are best observed configuration, path 3b, is similar to path 3a but has a high rate-limiting barrier of 16.7 kcal/mol relative to the as molecular movies (see web page above) and are described in the next section.
CP state. While the EC (paths 1b, 3a, and 4a) or 13,14-dicis (paths 3b and 4b) conformers are visited transiently along the proton transfer paths, these states have a Three Transfer Mechanisms lifetime of Ͻ1 ns during the transition, due to the low In path 1a, the proton is transferred directly from the proton transfer barrier of ‫5ف‬ kcal/mol from them. This Schiff base to Asp85 on the Thr89 side of the retinal is further evidence that the EC and 13,14-dicis confor-(green broken arrow in Figure 1C ). The energy profile mations are not the initial pretransfer states accumulat-( Figure 3A) for this path exhibits a rate-limiting barrier ing in the photocycle on the microsecond timescale. of 12.4 kcal/mol. This is unexpectedly low, given the large donor-acceptor distance in the CP state ‫4ف(‬ Å ).
Roles of Water w402 and Thr89 However, the donor-acceptor distance shortens to 2.5 Å Recent studies indicate that water w402, which is in a at the transition state ( ϭ 0.36 in Figure 3A (Fischer et al., 1998) . ϭ 0 is the CP state and ϭ 1 is the product P1 (Figures  2A and 2C) , except in (C) where ϭ 0 is the EC state and ϭ 1 is P2 (Figures 2B and 2D (Field et al., 1990 ) was used for the QM/MM boundaries at the C ␤ -C ␥ bond in Lys216 and at the C ␣ -C ␤ bond for the other side chains. MM interactions were calculated as described previously (Fischer et al., 1998) . The self-consistentcharge density functional tight binding (SCC-DFTB) method (Elstner et al., 1998) was used for the QM region, as it has been shown previously to accurately describe retinal torsion (Zhou et al., 2002) , hydrogen-bonded systems (Han et al., 2000) , and proton transfer energies (Cui et al., 2001) . Because the standard SCC-DFTB underestimates the energy of bond formation between a proton and a neutral nitrogen, this bond strength was reparametrized such that the SCC-DFTB retinal:acetate relative proton affinity is in agreement with B3LYP/6-31G**. The geometry of the end-and saddle points of all pathways were optimized keeping parts of the protein fixed. The mobile region consisted of retinal, nearby water molecules, and one layer of surrounding residues (830 mobile atoms).
To evaluate the dependence of the results on the choice of the quantum method, the energy along the pathways was recalculated without geometry reoptimization using the DFT method B3LYP/ 6-31G**. The reactant-product energy difference agrees to within 2 kcal/mol. The root-mean-square deviation of the rate-limiting barriers relative to the values obtained using SCC-DFTB is only 2.1 kcal/mol (mean deviation 1.4 kcal/mol) for the transfer pathways 
